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� 3D printing may increase the accessibility of prostheses in a rural area
� A 3D printed prosthesis increases the quality of life compared to no prosthesis
� People feel included in society when using a 3D printed prosthesis instead of none
� Long term follow up is necessary to safeguard the long-term success of this project
� Costs of a 3D printed prosthesis will not be more than costs of a conventional one
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A B S T R A C T

Introduction: In Sierra Leone, access to prostheses is limited due to absence of practical knowledge, materials,
trained staff, and high cost. This paper investigates the impact of a 3D printed prosthesis on the health-related
quality of life (HRQoL) in prosthesis recipients.
Methods: Patients with upper extremity amputations were included in this case study from December 2018 until
July 2019. Data on the HRQoL was gathered until April 2020 in Masanga Hospital, central rural Sierra Leone. At
two follow-up moments the HRQoL was assessed by applying the standard EQ-5D-5L questionnaire. These two
follow-up moments varied between one week and just over a year after receiving the prosthesis. A second patient
questionnaire was used to assess prosthesis satisfaction.
Results: Seven patients were included. The results of the EQ-5D-5L questionnaire show no deterioration of the HRQoL
inanypatient and the overallHRQoL increasedbyalmost20%compared to thenullmeasurement.Onepatientwas lost
to follow up after the first re-visit. The responses to the second questionnaire indicated that patients are satisfied with
the prosthesis and use it in various situations. Patients often mentioned they feel more included in society when
wearing theprosthesis.Onepatient sayswearing theprosthesis helped inaccepting the amputation.Asa result, enough
self-confidence was experienced without the prosthesis and the patients stopped wearing the prosthesis.
Discussion: The overall HRQoL in patients wearing a 3D-printed prosthesis increases compared to not wearing one.
Assessing the HRQoL at regular intervals is important for the long-term follow-up and to safeguard sustainability
and long-term success of this project. Nevertheless, defining the HRQoL is challenging due to cultural differences
and misunderstandings. Therefore, the use of alternative questionnaires to define the HRQoL should be investi-
gated. To improve and warrant long-term success, identifying long-term problems is important, and the second
questionnaire accounts for this need.
.
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Figure 1. The scanning process. This figure shows the local physiotherapist
scanning the dimensions of the residual limb of a patient.
1. Introduction

Sierra Leone is one of the poorest countries in the world, ranking 181
out of 189 countries on the UN human development index (HDI), with an
average life expectancy of 54.3 years in 2019 (United Nations Develop-
ment Programme, 2019). Due to a violent civil war (1991–2002) and the
West African Ebola outbreak (2013–2016) the country and its healthcare
system were left ravaged (Masanga; Wong et al., 2014).

Insufficient treatment of complex wounds and delayed patient pre-
sentation often result in amputations (Wong et al., 2014). Furthermore,
civilians lost limbs during the violent civil war due to blunt trauma or due
to traffic related injuries (Crompton et al., 2010; Stewart et al., 2013).
Even though amputations are very common, the access to prostheses is
difficult due to high costs, a lack of practical knowledge, materials, and
trained staff (Matter et al., 2017; Van der Stelt et al., 2020). A conven-
tionally fabricated prosthesis costs around one fifth of the average annual
income (506 USD in 2018 (TheWorld Bank, 2019)). It is believed that 3D
printing can provide a solution to this difficult access to prostheses
because of a decrease in cost and easy knowledge transfer because of
digital possibilities (Van der Stelt et al., 2020).

The usage and breadth of 3D printing applications is increasing in
Western healthcare settings (Brouwers et al., 2018b; Choong et al., 2020;
Fransen, 2015; Inge et al., 2018; Long Ng et al., 2019; Ng et al., 2018;
Tack et al., 2016; Trenfield et al., 2019; UZ Leuven, 2016). Notwith-
standing, in low-resource settings, the prospects of 3D printing devices in
healthcare remain by-and-large underexploited (Schonwetter and Wiele
van, 2018). Some projects have been described, but reports on long-term
outcomes and sustainability are scarce (Banks and Brown, 2014; Bashir,
2016; Enabling the future, 2015; Kennett; “Kijenzi – Humanitarian 3D
Printing in the US and Kenya,”,“victoria-hand,”; Medecins sans frontieres
United Kingdom, 2016; Nia Technologies inc., 2018; Van der Stelt et al.,
2020; Tobor, 2018). Therefore, in Sierra Leone, a project has started to
enable long-term research into the usage, sustainability, and added value
on the longer term of 3D printing of medical aids in a resource-limited
healthcare setting; 3D Sierra Leone (“Home - 3D Sierra Leone”).

Based on earlier feasibility research carried out within the framework
of this project by Van der Stelt et al. 2020, it was concluded that aesthetics
play an equally important role as functionality for Sierra Leonean ampu-
tees. Furthermore, results showed that patients missing a limb can feel
insecure due to feeling incomplete. Having a prosthesis can enable them to
blend into the society and provide them with confidence and therewith
improve the Health-Related Quality of Life (HRQoL). Furthermore, it has
been shown that the use of a prosthesis can improve the HRQoL based on
for example the Veterans RAND 12 ItemHealth Survey or a self-developed
survey (Resnik et al., 2020; Zuniga et al., 2015).

The primary aim of this study was to investigate the HRQoL of pa-
tients who have received 3D printed prosthetic arms. The number of
participants and the time lapse of the follow-up was limited due to the
COVID-19 outbreak.

2. Methods

The proposal was endorsed by the Masanga Medical Research Unit
Scientific Review Committee. Ethical approval for this study was subse-
quently granted by the Sierra Leone National Ethics committee on 6
January 2019.

2.1. Patient population

The study took place in Masanga Hospital, Masanga, Tonkolili Dis-
trict, Sierra Leone. Patients were included from December 2018 until
July 2019; Data was gathered until April 2020. New patients were
recruited in the same way as the feasibility study previously done (Van
der Stelt et al., 2020). Patients were included if they had an upper limb
amputation at least four months ago. Patients were excluded when
wounds on the residual limb were present or stumps were painful so that
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a prosthesis could not be fitted at that time. All patients received an in-
formation letter and signed an informed consent form in which they
agreed to participation and therewith to the use of photos and study data
in publications. Both were read out to them and translated if necessary.
2.2. Preparing a prosthesis

For all participants, individual prostheses were designed and printed.
The dimensions of the residual limb and the unaffected limb used to
create a prosthesis were measured with a hand-held 3D scanner (Ein-
scanner Proþ, SHINING 3D Technology, Hangzhou, China; Figure 1). A
patient-specific model was created using the scanned dimensions of the
residual limb and the mirrored version of the contralateral arm. Any
wishes concerning functionality or design were discussed with the pa-
tient before the physical design process was initiated. Any personal
rehabilitation goals, for example being capable of doing laundry, were
not considered. The designs were made using Meshmixer (Autodesk
Meshmixer 3.5, Toronto, Canada), altered to meet the individual patients'
needs and finalized using individually skin-colour adapted shades of
brown paint, leather straps and/or polyether foam to prevent pressure
spots. Although patients were involved in the design process, designs
were kept simple to enable reproducibility. The design and
manufacturing of the prosthesis have been described in detail before by
Van der Stelt et al., 2020 and by Van Gaalen et al. (2021). The designs
were made in close collaboration with a Dutch prosthetic specialist and a
3D specialist who were not on site but available by email and WhatsApp
Messenger (WhatsApp Inc., Menlo Park, California, USA).
2.3. Data acquisition HRQoL

Patients that have received a prosthesis were actively followed-up
through interviews in a face-to-face situation and, if not possible, by
phone. To define the added value of a 3D printed prosthesis compared to
no prosthesis, the HRQoL was determined for each patient using two
types of questionnaires.

The first questionnaire was the EuroQol five-dimension, five levels
(EQ-5D-5L) questionnaire to quantify the HRQoL. The EQ-5D-5L (Euro-
Qol, 2019) consists of five dimensions to define an individuum's health.
These dimensions are mobility, self-care, usual activities, pain or
discomfort, and anxiety or depression. Each dimension has five levels: ‘no
problems’, ‘slight problems’, ‘moderate problems’, ‘severe problems’, or
‘unable to do’. A score from one to five in each dimension would result in
a health state score consisting of five numbers. Using a scoring algorithm,
each health state can be expressed as a summary score, the EQ-5D-5L



Table 2. Patient characteristics.

Characteristics Number of
patients

Total 7

Female 4

Age*:

Mean age (SD**) 40 (11.1)

Unknown 1

Time since amputation:

1 year–5 years 3

5 years–15 years 2

>15 years 1

Unknown 1

Reason of amputation:

War amputation 2

Accident/trauma 2

(Secondary) Infection 2

Unknown 1

Level of amputation:

Distal to wrist 3

Distal to elbow, Proximal to wrist 1

Distal to shoulder, Proximal to elbow 2

Proximal to shoulder 1

* At time of inclusion.
** SD ¼ standard deviation.
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index. This index ranges from 0 for death to 1 for full health; however,
negative values as low as -0.59 are possible, known as a health state
‘worse than death’.

A value set and a norm score, which can be used to calculate the EQ-
5D-5L index, are different in each country. Mainly due to different
standards of living and cultural priorities. The value set determines the
weight for each health state and therewith the eventual EQ-5D-5L index.
Such a value set or norm score was not available for Sierra Leone. The
available norm scores are found in Denmark, France, Germany, Japan,
The Netherlands, Spain, Thailand, The United Kingdom, The United
States, and Zimbabwe. To still be able to state a conclusion about the
HRQoL, the value set of Zimbabwe was chosen to calculate the EQ-5D-5L
index for each patient. Zimbabwe, ranking at the 150th place on the HDI
(United Nations Development Programme, 2019), appeared to be closest
to the Sierra Leonean situation in terms of culture, values and living
standards and would therefore provide the most representative result.
The EQ visual analogue score (EQ VAS), part of the EQ-5D-5L, was used
to record the patient's self-rated state of health on an analogue scale from
0 (worst imaginable health state) to 100 (best imaginable health state)
(Brouwers et al., 2018a; Van Reenen and Janssen, 2015). The EQ-5D-5L
questionnaires were completed at the moment of inclusion for a null
measurement, and two times after receiving a prosthesis (Table 1). The
mean follow-up moment 1 was at 2.2 months and the median was at 1
month. The mean follow-up moment 2 was at 8.7 months and the median
was at 8 months.

A second questionnaire, a prosthesis questionnaire, was used to assess
the satisfaction, the quality, the usage, the functionality of the prosthesis,
and how the participants valued the prosthesis in monetary terms. This
questionnaire was based on a non-validated, already existing question-
naire and can be used for further development of the prostheses. The
latter since it provides us inside in the experience of the patient con-
cerning for example the use, sustainability and comfort of the prosthesis.
This questionnaire was created earlier by Gaber et al., in 2001 to assess
perceived benefits of using a certain socket for upper limb prostheses and
can be found in supplement file A (Gaber et al., 2001; Van der Stelt et al.,
2020). The second questionnaire was completed at the same intervals as
the EQ-5D-5L questionnaire but without a null measurement. The ques-
tionnaire was translated and read to the patients when appropriate.
Additionally, any damage to the prosthesis and therewith the sustain-
ability, was noted by the researchers.

3. Results

Seven patients received a prosthesis and were included in this study,
of which 4 were women; the mean age was 40 years, with a standard
deviation of 11.1 years (see Table 2 for demographic details). Three of
the seven patients were included in a preliminary study by Van der Stelt
et al., 2020 as well. Since these patients were included prior to the use of
the questionnaires, a null measurement was not available and was done
during the first follow-up moment. They quantified their current health
state and compared this retrospectively with their health state before
Table 1. Intervals of follow-up. The mean follow-up moment 1 was at 2.2 months
and the median was at 1 month. The mean follow-up moment 2 was at 8.7
months and the median was at 8 months.

Patient
number

Inclusion prior to
questionnaires

Follow-up moment 1 Follow-up moment 2

1 Yes 4 months 1 year and 1 month

2 Yes 4 months 1 year and 1 month

3 Yes 5 months -

4 No 1 month 9 months

5 No 1 week 5 months

6 No 1 week 5 months

7 No 1 month 7 months

3

receiving a prosthesis. For patient 3 follow-up was done by phone due to
a traveling distance of more than one day. Patient 3 was lost to follow up
after the follow-up moment 1.

Figures 2–6 show four of the seven prostheses. Figure 2 shows two
patients with amputations distal to the shoulder and proximal to the
elbow. Figures 3 and 4 show a patient with amputated fingers and Fig-
ures 5 and 6 show a patient with an amputation just distal to the wrist.

3.1. Results of the EQ-5D-5L questionnaire

Table 3 shows the results of the EQ-5D-5L norm scores at each
follow-up moment including the standard deviation. Table 4 shows the
results of the EQ VAS score at each follow-up moment including the
standard deviation. Figure 7 shows a graphical impression of the EQ-5D-
5L norm scores per patient during follow-up; and Figure 8 shows a
graphical impression of the EQ VAS scores per patient during follow-up.
The individual health states of each patient at each follow-up moment
can be found in supplement file B. Patient 3 was lost to follow up after
follow-up moment 1 due to a large traveling distance and a language
barrier during phone conversations. In addition, no EQ VAS score was
assembled during follow-up moment 1. Patient 1, 3, 4, 6 and 7 show an
overall increase of the EQ-5D-5L index score throughout the follow-up
moments. Patient 2 and 5 show a decrease at follow-up moment 2 in
comparison with follow-up moment 1. When looking at the EQ VAS
score, patients 1 and 6 show an increase at each follow-up moment,
whereas patient 2 and 4 show a decrease at follow-up moment 2 in
comparison with follow-up moment 1. Patient 5 shows a stable EQ VAS
score and patient 7 shows a decline at follow-up moment 1, but in the
end shows a higher score. Overall, the HRQoL shows an increase of
18.8% at follow-up moment 2 compared to the null measurement. The
EQ VAS score shows an overall increase of 41.8% at follow-up moment
2 compared to the null measurement.

3.2. Results of the prosthesis questionnaire

In this section, an overview of the results of the prosthesis question-
naire is given. The answers provided by the patients can be found in



Figure 2. Example of two prostheses.

Figure 3. Patient with amputation distal to the wrist.

Figure 4. Patient with prosthesis distal to the wrist.

Figure 5. Prosthesis for an amputation just distal to the wrist.

Figure 6. Patient with prosthesis just distal to the wrist.
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Supplement file B. Overall, patients indicate that they are mostly satisfied
with their prosthesis, and most of them wear them for six hours per day
or more. The usage varies between housework such as cooking to going
out for school or work. Furthermore, most patients indicate that they feel
more self-confident when wearing a prosthesis. Only patient 2 is an
exception to both statements. This patient stopped wearing the prosthesis
4

between follow-up moment 1 and 2 and indicate feeling more self-
confident without a prosthesis compared to before he was wearing one.

Patient 6 and 7 developed skin problems between follow-up moment
1 and follow-upmoment 2, which was mostly solved by applying foam on
the pressure spots. Despite those problems, both patients were wearing
their prosthesis for more hours at follow-up moment 2 than at follow-up



Table 3. The EQ-5D-5L index based on the assembled health scores and the Zimbabwean value set, including the mean and standard deviations.

Patient Null measurement Follow-up moment 1 Follow-up moment 2 Mean (standard deviation) per patient

Patient 1 0.655 0.789 0.900 0.781 (0.123)

Patient 2 0.458 0.699 0.562 0.573 (0.121)

Patient 3 0.637 0.699 - 0.668 (0.044)

Patient 4 0.857 0.900 0.900 0.886 (0.025)

Patient 5 0.678 0.770 0.716 0.721 (0.047)

Patient 6 0.560 0.699 0.808 0.689 (0.124)

Patient 7 0.857 0.900 0.900 0.886 (0.025)

Mean (standard deviation) 0.672 (0.146) 0.779 (0.090) 0.798 (0.137) 0.750 (0.068)

Table 4. The EQ VAS score, including mean and standard deviations.

Patient Null measurement Follow-up moment 1 Follow-up moment 2 Mean (standard deviation) per patient

Patient 1 30 85 95 70 (35)

Patient 2 55 95 70 73 (20)

Patient 3 - - - -

Patient 4 87 99 95 94 (6)

Patient 5 50 50 50 50 (0)

Patient 6 40 60 75 58 (18)

Patient 7 70 57 85 71 (14)

Mean (standard deviation) 55 (21) 74 (21) 78 (17) 69 (12)

Figure 7. EQ-5D-5L norm score. A graphical impression of the EQ-5D-5L index per patient per follow-up moment. . The x-axis indicates the patient and the y-axis
indicates the EQ-5D-5L score on a scale from 0 – 1. Each point represents a different follow-up moment.
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moment 1. Patient 6 was wearing the prosthesis for 2–6 h per day at
follow-up moment 1 and for more than six hours at follow-up moment 2.
Patient 7 was wearing the prosthesis for less than two hours at follow-up
moment 1 and 2–6 h at follow-up moment 2.

Reasons mentioned not to wear the prosthesis anymore were: sweaty
stumps causing the prosthesis to slide off, and the absence of the desired
functionality. Reasons for wearing the prosthesis and advising this type
of prosthesis to others were: satisfaction about the prosthesis and its
looks, a prosthesis makes them feel included in the society and com-
munity, and the prosthesis solves problems for patients because of the
functionality and looks.

The prices at which patients valued the prosthesis ranged between
100,000 (10.25 USD) and 1,000,000 (102.52 USD) Leones, with a mean
of approximately 570,000 (58.44 USD) Leones and a median of 500,000
(51.26 USD) Leones.
5

3.3. Sustainability

Any damage to the prostheses and therewith the sustainability of the
prostheses was evaluated by the researchers. All prostheses were intact at
the follow-up moments. The 3D printed parts of the prostheses were
undamaged and no difference was found between painted or non-painted
prostheses. Some non-3D printed attachment systems showed damage
and needed replacement after one year.

4. Discussion

4.1. EQ-5D-5L results

The mean EQ-5D-5L index shows an overall increase of HRQoL
among patients receiving a prosthesis. The mean EQ VAS score also



Figure 8. EQ VAS score. A graphical impression of the EQ VAS score per patient per follow-up moment. The x-axis indicates the patient and the y-axis indicates the EQ
VAS score on a scale from 1 – 100. Each point represents a different follow-up moment. When points are not seen, this is because the data overlaps. For patient 3 no
results were found.

A.J. Sterkenburg et al. Heliyon 7 (2021) e07447
shows an overall increase. Some aspects stand out; All patients show an
increase of HRQoL at follow-up moment 1, but two patients show a
decrease at follow-up moment 2. One of these two patients indicated
more pain from the prosthesis during follow-up moment 2, which could
be the reason for the decrease of the HRQoL. Regarding the other patient,
the decrease is found in each but one domain of the EQ-5D-5L ques-
tionnaire. No specific reason was mentioned by the patient or found in
the results of the generic questionnaire. Furthermore, the EQ VAS score
did not decrease. Therefore, it was not possible to relate the decrease of
the HRQoL to the influence of the prosthesis.

4.2. Prosthesis questionnaire results

During each of the follow-upmoments, the questionnaire on usability,
satisfaction and other aspects of the prostheses was completed (supple-
ment B2). Previous results by Van der Stelt et al., 2020 showed an in-
crease in self-confidence. This has mostly been confirmed in this
research, with all-but-one patient mentioning an increase in
self-confidence. Patient 2, who indicated a lower self-confidence at
follow-up moment 2, stopped wearing the prosthesis because enough
self-confidence was experienced without it. The patient indicated that
wearing the prosthesis contributed largely to creating this self-confidence
and helped with accepting the amputation.

Even though the prostheses mainly serve an aesthetic purpose, they
do have some degree of functionality. For example, picking-up objects,
and even cooking were mentioned as activities. Nevertheless, contrary to
previous findings (Van der Stelt et al., 2020), patients were not unani-
mous about what was most important. One trend which can be seen in
five out of seven patients (Supplement File B) is a switch in preference
from aesthetics to function. At follow-up moment 1, they pointed out that
aesthetics is more important than function; nevertheless, at follow-up
moment 2, they either say both are of similar importance or function is
more important. This could be in line with the experience of patient 2.
The prosthesis helps regaining self-confidence and when regained,
functionality becomes a more important aspect. Patient 5 shows a
different trend. This patient preferred a more functional prosthesis at
follow-up moment 1, but considered aesthetics and function to be evenly
important at follow-upmoment 2. Therefore, for the future of the project,
possibilities of adding sustainable functionality could be considered for
example by enabling movement of the wrist or thumb. Nevertheless, it is
believed that functional hands consisting of multiple printed parts, which
are used in some described 3D print projects in rural areas (Zuniga et al,
6

2015, 2016), will be too complex to use and repair in rural areas such as
Masanga.

Patients 6 and 7 developed skin problems in between the follow-up
moments. Both patients started wearing the prosthesis for longer pe-
riods during the day in between follow-up moments; it could be that
wearing the prosthesis longer is related to the developed skin problems.
Therefore, continuing follow-up is important to enhance the prostheses
when necessary and prevent skin problems.

One aspect mentioned by several patients, and also a confirmation of
prior research in this project (Van der Stelt et al., 2020), is that patients
feel more included into society. This may help to improve their quality of
life since it will enable them to participate in society again. For example,
patients in this study felt confident enough to return to school, most of
them to learn and one of them to teach.

Patients value a prosthesis around 570,000 Leones (58.44 USD),
which is around 11.7% of the gross national income per capita in Sierra
Leone in 2019 (The World Bank). This price would be out of reach for
most Sierra Leoneans and maintaining a low cost will therefore be
important in the continuation of the project. The prostheses created in
this study have an estimated value of around 14 USD for a forearm (Van
der Stelt et al., 2020). These costs are without overhead costs and time
investments; however, it is not believed that the eventual costs will be
more than the one fifth of the annual income which is mentioned in the
introduction as the costs for a conventionally fabricated prothesis.

4.3. Limitations

This research has some limitations. Firstly, the number of participants
is limited due to the Covid-19 outbreak but inclusion was paused since
the authors were eager to publish the here described results. When it
comes to evaluating the EQ-5D-5L questionnaire, several aspects are
worth considering. First of all, some patients were included in the project
prior to the application of the questionnaires. The score at both follow-up
moment 1 and the null measurement were therefore determined during
follow-up moment 1. A systematic review of Scholten et al. (2017)
showed that it is important to consider recall bias, which may arise in a
HRQoL assessed retrospectively. Nevertheless, Lawson et al. (2020)
recently showed, in a test-retest setting, that the agreement between
prospective and retrospective measurement of HRQoL using the
EQ-5D-5L was high at group level even with any recall bias, meaning that
the EQ-5D-5L questionnaire can be used as a valid tool to estimate the
baseline HRQoL. Despite the results found by Lawson et al. it is still
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important to keep in mind that retrospective data gathering may be
biased on individual level.

Secondly, the index scores are based on the value set found for
Zimbabwe. Conclusions can be drawn on the decrease or increase of the
EQ-5D-5L index. However, it is known that the HRQoL is influenced by
many aspects and not only having a prosthesis (Demet et al., 2009).
Therefore, the increases or decreases in HRQoL might be caused by more
factors than solely the prosthesis.

Thirdly, there is a large cultural difference between Sierra Leone and
the country of residence of most of the authors. These cultural differ-
ences, as shown by Levitt in 2016, may have led to difficulty in
communication and therefore to filling in the EQ-5D-5L and the pros-
thesis questionnaire (Levitt, 2019). It was experienced that some ques-
tions were difficult to answer, mostly because questions were repeatedly
misunderstood by the patients.

To overcome this limitation, a local physiotherapist was instructed to
ask out the questionnaires, and contributed largely to the increased
trustworthiness of the results. Nevertheless, there was still a large lan-
guage barrier through the phone when talking to patient 3 and therefore,
this patientwas lost to followupafter follow-upmoment1. Furthermore, it
was experienced that the EQ-5D-5L questionnaires could result in a lower
score in other cultures than they have in this research. For example, that
patients feel independent and do not use or need help in doing their usual
activities, like grocery shopping or fetching water. However, it costs them
double the time it did before the amputation since they aremissing a (part
of) an upper limb. This doubling of time was not reflected in the results of
this study. Another example is that patients experience no anxiety or
depression, whereas they do express that they feel left out by the society
because of their disability, causing them to feel sad. This feeling of sadness
could be described as a form of depression or anxiety in other cultures.
Nevertheless, mental health care is underdeveloped in Sierra Leone and
most psychiatrists are foreign (Alonso et al., 2014). Therefore, Sierra
Leoneans might not be familiar with the term depression or other mental
health issues. Therefore, to come to a solid conclusion about the research
population compared to the rest of the population of Sierra Leone, a norm
score and value set for Sierra Leone are necessary. Another solution to
gather trustworthy data for the HRQoL, is the use of other questionnaires
to define the HRQoL. Which is why it is advised to investigate other
questionnaires, both to overcome cultural differences and to ensure
applicability to the Sierra Leonean situation.

A fourth limitation was the high illiteracy rate among the research
population. In Sierra Leone, 57% of the population above 15 years of age
and 33% of the population between 15 – 24 years of age was illiterate in
2018 (“Sierra Leone | UNESCO UIS”). The illiteracy caused mis-
understandings when patients were reading the questionnaire them-
selves or when using the numeric scale which was why questionnaires
were read out to them.

In the work described here, the HRQoL increased when wearing a 3D
printed prosthesis. This increase in HRQoL suggests that a 3D printed
prosthesis is of added value compared to no prosthesis. This comparison
was chosen since a conventional prosthesis was not accessible for these
patients. Furthermore, Van Gaalen et al. show in a case report the added
value of such a prosthesis for one patient compared to no prosthesis at all.
This suggests, albeit with low evidence, this might be a sufficient com-
parison for now (Van Gaalen et al., 2021). In future research, it is sug-
gested to look into the added value of a 3D printed prosthesis compared
to a conventional prosthesis.

4.4. Future perspectives

For a project like this to run on its own, it must become sustainable,
meaning that the project has to be carried out by the local community.
However, there are some challenges to achieve this. For example, the 3D
lab is located in a very remote area, meaning that people with computer
skills or prosthetic knowledge are hard to find. During this project we
worked together with the local physiotherapist, who has no experience
7

with computers. We trained him to do the 3D scanning, however making
the 3D designs was still too much of a challenge. Therefore this step was
still carried out by the Dutch researchers. The process of designing and
manufacturing needs to be standardized and automated. This To enable
people with limited computer knowledge to perform this part of the
workflow independently. Currently, our research group is developing a
software program to skip these time-consuming and difficult designing
steps. With the help of this program, we hope to be able to train more
people in the future to make the project completely independent and run
by the local population.

5. Conclusion

To our knowledge, this is the first long-term follow-up study into 3D
printed upper limb prostheses. Based on the results of this study, it can
be concluded that the HRQoL could improve in patients when receiving
an accessible low-cost 3D printed prosthesis. However, we did experi-
ence difficulties using the EQ-5D-5L in this setting and therefore advice
to consider the use of another HRQoL questionnaire. Furthermore,
based on the prosthesis questionnaire, self-confidence and enrolment in
the society improves. Long-term follow-up is needed to prove the sus-
tainability of the prostheses and confirm the improvement in HRQoL of
patients.

Declarations

Author contribution statement

Andrea Sterkenburg and Merel van der Stelt: Conceived and designed
the experiments; Performed the experiments; Analyzed and interpreted
the data; Contributed reagents, materials, analysis tools or data; Wrote
the paper.

A.R. Koroma and Michelle van der Pols: Performed the experiments.
Melissa van Gaalen: Conceived and designed the experiments; Per-

formed the experiments; Contributed reagents, materials, analysis tools
or data.

Martin Grobusch and Kees Slump: Conceived and designed the ex-
periments; Contributed reagents, materials, analysis tools or data; Wrote
the paper.

Thomas Maal: Analyzed and interpreted the data; Contributed re-
agents, materials, analysis tools or data; Wrote the paper.

Lars Brouwers: Conceived and designed the experiments; Analyzed
and interpreted the data; Contributed reagents, materials, analysis tools
or data; Wrote the paper.
Funding statement

This research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors.
Data availability statement

Data included in article/supplementary material/referenced in
article.
Declaration of interests statement

The authors declare no conflict of interest.
Additional information

Supplementary content related to this article has been published
online at https://doi.org/10.1016/j.heliyon.2021.e07447.

https://doi.org/10.1016/j.heliyon.2021.e07447


A.J. Sterkenburg et al. Heliyon 7 (2021) e07447
Acknowledgements

This paper is dedicated to the memory of the late Wouter Nolet whose
enthusiasm and work ethic helped us push the project to higher level. We
gratefully acknowledge Ultimaker (Geldermalsen, The Netherlands) and
Sander Smit from MakerPoint (Arnhem, The Netherlands) who have
provided us with the 3D printing material and 3D handheld scanner
which was donated by Shining 3D (Einscanner Pro Plus, Shining
3Dtechnology, Hangzhou, China). Furthermore, we would like to
acknowledge Arico Verhulst from the 3D Lab in the Radboud University
Medical Centre (Nijmegen, The Netherlands) for his expertise on 3D
designing and Marco Papenburg from Papenburg Orthopedie (Raven-
stein, The Netherlands) for his expertise on materials. Finally, we would
also like to acknowledge Jonathan Vas Nunes, tropical doctor at Masanga
hospital (Masanga, Sierra Leone), for his help with including patients on-
site and Kelfala Kamara, the programme director at Masanga Hospital for
his overall support of the project. In addition, we would like to thank all
participants in this study and the Masanga staff who helped to manu-
facture the prosthesis.

References

Alonso, P., Price, B., Conteh, A.R., Valle, C., Turay, P.E., Paton, L., Turay, J.A., 2014.
Where there is no psychiatrist: a mental health programme in Sierra Leone. Afr. J.
Psychiat. (South Africa) 20, 88–93.

Banks, K., Brown, L., 2014. Project Daniel: 3D Printing Prosthetic Arms for Children in
Sudan – National Geographic Society Newsroom [WWW Document]. URL.
https://blog.nationalgeographic.org/2014/10/06/project-daniel-3d-printing-prost
hetic-arms-for-children-in-sudan/. (Accessed 6 June 2019).

Bashir, O., 2016. How 3D Prosthetics Change Lives in Pakistan - Pakistan - DAWN.COM
[WWW Document]. URL. https://www.dawn.com/news/1254750. (Accessed 6 June
2019).

Brouwers, L., Lansink, K.W.W., de Jongh, M.A.C., 2018a. Quality of life after pelvic ring
fractures: a cross-sectional study. Injury 49, 812–818.

Brouwers, L., Pull ter Gunne, A.F., de Jongh, M.A.C., van der Heijden, F.H.W.M.,
Leenen, L.P.H., Spanjersberg, W.R., van Helden, S.H., Verbeek, D.O., Bemelman, M.,
Lansink, K.W.W., 2018b. The value of 3D printed models in understanding acetabular
fractures. 3D Print. Addit. Manuf. 5, 37–46.

Choong, Y.Y.C., Tan, H.W., Patel, D.C., Choong, W.T.N., Chen, C.H., Low, H.Y., Tan, M.J.,
Patel, C.D., Chua, C.K., 2020. The global rise of 3D printing during the COVID-19
pandemic. Nat. Rev. Mater.

Crompton, J., Kingham, T.P., Kamara, T.B., Murray, F.B., Kushner, A., 2010. Comparison
of surgical care deficiencies between US civil war hospitals and present-day hospitals
in Sierra Leone. World J. Surg. 34, 1743–1747.

Demet, K., Martinet, N., Guillemin, F., Paysant, J., Andr�e, J.-M., Demet, K., No€e, N.,
Martinet, N., Guillemin, F., Paysant, J., 2009. Disability and Rehabilitation Health
Related Quality of Life and Related Factors in 539 Persons with Amputation of Upper
and Lower Limb Health Related Quality of Life and Related Factors in 539 Persons
with Amputation of Upper and Lower Limb.

Enabling the future, 2015. E-NABLING Africa, 3D Printed Hands in Nigeria [WWW
Document]. URL. http://enablingthefuture.org/2015/10/24/e-nabling-africa.
(Accessed 6 June 2019), 3d-printed-hands-in-nigeria/.

EuroQol, 2019. EQ-5D [WWW Document]. URL. https://euroqol.org/eq-5d-instrume
nts/eq-5d-5l-about/. (Accessed 6 March 2019).

Fransen, L., 2015. 3D-printer VUmc Print Levende Oren [WWW Document]. URL. https://
www.duurzaambedrijfsleven.nl/zorg/4459/3d-printer-vumc-print-levende-oren.
(Accessed 6 June 2019).

Gaber, A.-Z.K., Gardner, C.M., Kirker, S.G.B., 2001. Silicone Roll-On Suspension for Upper
Limb Prostheses: Users’ Views, Prosthetics and Orthotics International.

Home. 3D Sierra Leone [WWW Document]. n.d. URL. https://www.3dsierraleone.com/.
(Accessed 8 September 2020).

Inge, S., Brouwers, L., Van Der Heijden, F., Bemelman, M., 2018. 3D printing for
corrective osteotomy of malunited distal radius fractures: a low-cost workflow. BMJ
Case Rep. 2018.

Kennett, O.. 3D printing prosthetic legs - Legs4Africa [WWW Document], 2015. n.d. URL.
https://www.legs4africa.org/3d-printing-prosthetic-legs/. (Accessed 6 June 2019).
8

Kijenzi – Humanitarian. 3D printing in the US and Kenya [WWW Document]. n.d. URL.
https://medtechkijenzi.wordpress.com/. (Accessed 6 June 2019).

Lawson, A., Tan, A.C., Naylor, J., Harris, I.A., 2020. Is retrospective assessment of health-
related quality of life valid? BMC Muscoskel. Disord. 415.

Leuven, U.Z., 2016. Eerste Op Maat Gemaakte Oogprothese Op Basis Van 3D-Print UZ
Leuven [WWW Document]. URL. https://www.uzleuven.be/oogziekten/news/16/
07/14/eerste-op-maat-gemaakte-oogprothese-op-basis-van-3d-print. (Accessed 6
June 2019).

Levitt, S.R., 2019. Cultural dialectics in international teamwork dynamics. Int. J. Bus.
Commun. 56, 326–348.

Long Ng, W., Kai Chua, C., Shen, Y.-F., 2019. Print me an organ! Why we are not there
yet. Prog. Polym. Sci. 97, 101145.

Masanga, D.K.. Masanga hospital - Masanga hospital [WWW Document]. n.d. URL.
https://www.masanga.dk/en/the-masanga-projects/masanga-general-hospital-a-tea
ching-institution/. (Accessed 28 May 2019).

Matter, R., Harniss, M., Oderud, T., Borg, J., Eide, A.H., 2017. Assistive technology in
resource-limited environments: a scoping review. Disabil. Rehabil. Assist. Technol.

Medecins sans frontieres United Kingdom, 2016. Innovation, 3D Printed Prosthetic Limbs
for Refugees [WWW Document]. URL. https://www.msf.org.uk/video/innovation
-3d-printed-prosthetic-limbs-refugees. (Accessed 6 June 2019).

Ng, W.L., Qi, J.T.Z., Yeong, W.Y., Naing, M.W., 2018. Proof-of-concept: 3D bioprinting of
pigmented human skin constructs. Biofabrication 10, 025005.

Nia Technologies inc., 2018. Nia Technologies [WWW Document]. URL. https://niatech
.org/. (Accessed 6 June 2019).

Resnik, L., Borgia, M., Clark, M., 2020. Function and quality of life of unilateral major
upper limb amputees: effect of prosthesis use and type. Arch. Phys. Med. Rehabil.
101, 1396–1406.

Scholten, A.C., Haagsma, J.A., Steyerberg, E.W., Van Beeck, E.F., Polinder, S., 2017.
Assessment of pre-injury health-related quality of life: a systematic review. Popul.
Heal. matrix 15.

Schonwetter, T., Wiele van, B., 2018. 3D Printing: Enabler of Social Entrepreneurship in
Africa? the Roles of FabLabs and Low-Cost 3D Printers. Cape Town.

Sierra Leone. UNESCO UIS [WWW Document]. n.d. URL. http://uis.unesco.org/count
ry/SL. (Accessed 7 May 2020).

Stewart, K.-A., Groen, R.S., Kamara, T.B., Farahzard, M., Samai, M., Yambasu, S.E.,
Cassidy, L.D., Kushner, A.L., Wren, S.M., 2013. Traumatic injuries in developing
countries: report from a nationwide cross-sectional survey of Sierra Leone. JAMA
Surg. 148, 463–469.

Tack, P., Victor, J., Gemmel, P., Annemans, L., 2016. 3D-printing techniques in a medical
setting: a systematic literature review. Biomed. Eng. Online 15.

The World Bank. The World Bank - Sierra Leone [WWW Document], 2019. n.d. URL.
https://data.worldbank.org/country/sierra-leone. (Accessed 8 January 2019).

The World Bank, 2019. Sierra Leone Overview [WWW Document]. URL. http://
www.worldbank.org/en/country/sierraleone/overview. (Accessed 6 June 2019).

Tobor, N., 2018. Trial of 3D Printing Prosthetic Limbs in Madagascar and Togo [WWW
Document]. URL. https://www.iafrikan.com/2018/07/04/togo-hi-tech-orthopaedic
-care/. (Accessed 6 June 2019).

Trenfield, S.J., Awad, A., Madla, C.M., Hatton, G.B., Firth, J., Goyanes, A., Gaisford, S.,
Basit, A.W., 2019. Shaping the future: recent advances of 3D printing in drug delivery
and healthcare. Expet Opin. Drug Deliv.

United Nations Development Programme, 2019. Human Development Report 2019. New
York.

Van Gaalen, M., Stelt van der, M., Vas Nunes, J., Brouwers, L., 2021. People with
amputations in rural Sierra Leone: the impact of 3D-printed prostheses. Br. Med. J.
Case Rep.

Van der Stelt, M., Verhulst, A.C., Nunes, J.H.V., Koroma, T.A.R., Nolet, W.W.E.,
Slump, C.H., Grobusch, M.P., Maal, T.J.J., Brouwers, L., 2020. Improving lives in
three dimensions: the feasibility of 3D printing for creating personalized medical aids
in a rural area of Sierra Leone. Am. J. Trop. Med. Hyg. 102, 905–909.

Van Reenen, M., Janssen, B., 2015. EQ-5D-5L User Guide Basic Information on How to
Use the EQ-5D-5L Instrument. Rotterdam.

victoria-hand. [WWW Document]. n.d. URL. https://www.victoriahandproject.com/.
(Accessed 6 June 2019).

Wong, E.G., Groen, R.S., Kamara, T.B., Stewart, K.-A., Cassidy, L.D., Samai, M.,
Kushner, A.L., Wren, S.M., 2014. Burns in Sierra Leone: a population-based
assessment. Burns 40, 1748–1753.

Zuniga, J., Katsavelis, D., Peck, J., Stollberg, J., Petrykowski, M., Carson, A.,
Fernandez, C., 2015. Cyborg beast: a low-cost 3d-printed prosthetic hand for children
with upper-limb differences. BMC Res. Notes 8, 10.

Zuniga, J., Srivastava, R., Katsavelis, D., Zuniga, J.M., Peck, J., Carson, A., 2016. An open
source 3D-printed transitional hand prosthesis for children. J. Prosthetics Orthot. 28.

http://refhub.elsevier.com/S2405-8440(21)01550-4/sref1
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref1
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref1
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref1
https://blog.nationalgeographic.org/2014/10/06/project-daniel-3d-printing-prosthetic-arms-for-children-in-sudan/
https://blog.nationalgeographic.org/2014/10/06/project-daniel-3d-printing-prosthetic-arms-for-children-in-sudan/
https://www.dawn.com/news/1254750
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref4
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref4
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref4
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref5
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref5
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref5
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref5
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref5
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref6
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref6
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref6
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref7
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref7
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref7
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref7
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref8
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref8
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref8
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref8
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref8
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref8
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref8
http://enablingthefuture.org/2015/10/24/e-nabling-africa
https://euroqol.org/eq-5d-instruments/eq-5d-5l-about/
https://euroqol.org/eq-5d-instruments/eq-5d-5l-about/
https://www.duurzaambedrijfsleven.nl/zorg/4459/3d-printer-vumc-print-levende-oren
https://www.duurzaambedrijfsleven.nl/zorg/4459/3d-printer-vumc-print-levende-oren
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref12
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref12
https://www.3dsierraleone.com/
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref14
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref14
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref14
https://www.legs4africa.org/3d-printing-prosthetic-legs/
https://medtechkijenzi.wordpress.com/
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref17
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref17
https://www.uzleuven.be/oogziekten/news/16/07/14/eerste-op-maat-gemaakte-oogprothese-op-basis-van-3d-print
https://www.uzleuven.be/oogziekten/news/16/07/14/eerste-op-maat-gemaakte-oogprothese-op-basis-van-3d-print
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref19
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref19
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref19
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref20
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref20
https://www.masanga.dk/en/the-masanga-projects/masanga-general-hospital-a-teaching-institution/
https://www.masanga.dk/en/the-masanga-projects/masanga-general-hospital-a-teaching-institution/
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref22
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref22
https://www.msf.org.uk/video/innovation-3d-printed-prosthetic-limbs-refugees
https://www.msf.org.uk/video/innovation-3d-printed-prosthetic-limbs-refugees
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref24
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref24
https://niatech.org/
https://niatech.org/
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref26
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref26
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref26
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref26
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref27
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref27
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref27
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref28
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref28
http://uis.unesco.org/country/SL
http://uis.unesco.org/country/SL
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref30
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref30
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref30
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref30
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref30
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref31
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref31
https://data.worldbank.org/country/sierra-leone
http://www.worldbank.org/en/country/sierraleone/overview
http://www.worldbank.org/en/country/sierraleone/overview
https://www.iafrikan.com/2018/07/04/togo-hi-tech-orthopaedic-care/
https://www.iafrikan.com/2018/07/04/togo-hi-tech-orthopaedic-care/
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref35
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref35
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref35
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref36
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref36
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref37
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref37
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref37
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref38
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref38
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref38
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref38
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref38
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref39
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref39
https://www.victoriahandproject.com/
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref41
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref41
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref41
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref41
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref42
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref42
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref42
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref43
http://refhub.elsevier.com/S2405-8440(21)01550-4/sref43

	Quality of life of patients with 3D-printed arm prostheses in a rural area of Sierra Leone
	1. Introduction
	2. Methods
	2.1. Patient population
	2.2. Preparing a prosthesis
	2.3. Data acquisition HRQoL

	3. Results
	3.1. Results of the EQ-5D-5L questionnaire
	3.2. Results of the prosthesis questionnaire
	3.3. Sustainability

	4. Discussion
	4.1. EQ-5D-5L results
	4.2. Prosthesis questionnaire results
	4.3. Limitations
	4.4. Future perspectives

	5. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	Acknowledgements
	References


